The current work aims at predicting of damage and failure in multiphase steels (Dual phase and transformation-induced plasticity (TRIP) steels) during production processes. These kinds of steel consist of a ferritic matrix with dispersed second phases like bainite, martensite and retained austenite. A microstructure-based approach by means of representative volume elements (RVE) is used taking into account carbon partitioning for the flow curve description of each individual phases. With the help of the RVE it is possible to establish a link between the microstructure and the macroscopic failure behavior. In the case of DP-steels, the real microstructures were investigated in a two-dimensional approach. A cohesive zone model (CZM) has been used to study the debonding analysis of the martensitic islands from the ferrite parent phase. To describe the ductile damage of the ferritic matrix, the Gurson-Tvergaard-Needleman model (GTN) was applied. The parameter identification for the CZM and GTN models is based on metallographic investigations and fracture surface analysis. The calculated stress-strain distribution in the heterogeneous microstructure was studied. The investigations provide a physically-based correlation between the multiphase microstructures, mechanical properties, and failure behavior of multiphase steels for automotive applications. © 2009 Elsevier B.V. All rights reserved Keywords: Multiphase steels; Failure; Microstructure; Representative volume elements
Fracture in multiphase steels
Experimental investigations for establishing the correlation between microstructure and fracture of multiphase steels were reported in [1] . On the micro scale, two failure modes were found, cleavage and ductile fracture. Fig. 1 (a) illustrates a fracture surface of the examined low-alloy TRIP steel after tensile test. It was noticed that the fracture mechanisms depend on the stress-strain conditions, the internal purity, the volume fraction of the retained austenite, and the location of the austenite and martensite islands in the microstructure. DP steels with higher martensite fraction show increased strength because of the hardly deformable martensite. During the heat treatment of DP steels the austenite-martensite transformation takes place leading to volume expansion. Thus, mobile dislocations arise at phase boundaries surrounding the ferritic matrix. These high dislocation densities areas are responsible for the continuous yielding behavior and the high initial work hardening rate. DP steels with banded martensitic structure or large martensite islands exhibit low elongation to fracture. It was also observed that a coarse dual phase microstructure exhibits a much lower value of elongation to fracture, but higher strength than a fine dual phase microstructure [2, 3] . Failure in the coarse structure is due to the initiation of cleavage cracking of martensite at low strain levels. The failure in fine dispersed structures occurs by void nucleation and void coalescence with regard to decohesion of interface between the ferrite matrix and the martensite islands. For TRIP steels the presence of martensite in the initial microstructure can lead to early crack initiation. Increased stress triaxiality accelerates the TRIP effect and crack growth in the microstructure. The strong dependence of the rate of martensite transformation on the stress triaxiality originates from the volume expansion involved in the martensite formation. The volume expansion hinders damage development in the microstructure by delaying the void nucleation. The influence of the TRIP effect on damage is related to the volume fraction of martensite and its mechanical properties depending on carbon content [4, 5] . Chatterjee [6] showed that in TRIP steels small hard martensite does not readily crack, as the load transfer onto the martensite is difficult by straining the microstructure. Long plates of martensite transformed from the austenite with coarse grain size lead to earlier cracking. The behavior of void nucleation and void coalescence of TRIP steels was investigated by means of Electron Backscatter Diffraction (EBSD) in [7] . It was found that the void formation takes place in areas characterized by high hardness gradient. In fact, the void growth preferentially proceeds along grain and phase boundaries. When the austenite-martensite transformation in TRIP steel occurs at low deformation, voids will nucleate due to the newly formed high strength martensite. When first transformation occurs at higher strains, the voids are more likely to form at the grain boundaries of ferrite or inclusions. Fig. 1 (b) and (c) show the micrographs and secondary electron images of TRIP steel after tensile test at uniform elongation. Many small voids were detected exactly in the vicinity of austenitic grains, Fig. 1 (b) . The phase transformation leads to volume expansion and local stress concentration in the microstructure. The increased dislocation density promotes void nucleation. Some voids were also observed at the grain boundaries of ferrite, Fig. 1 (c) . 
Micromechanical damage modeling
Firstly, the microstructures of investigated steels were analyzed using light optical metallography (LOM) and percentages of individual phases were identified. Uniaxial tensile tests and hydraulic bulge tests were performed to determine the macroscopic mechanical properties of these steels. In this work, Representative Volume Element (RVE) was used to describe different multiphase microstructures, their morphologies, distribution, as well as failure behavior at the micro scale. The RVE model represents a periodic repeating cell, which describes a cut-out of the whole microstructure. The RVE-based approach makes it possible to characterize the influences of each modeled phase on the overall strength of material. A 2D RVE was generated on the basis of real micrographs. 3D cubeshaped RVEs were defined and the phase fractions measured by the LOM were taken into account. A statistical algorithm was implemented to describe the random distribution of phases within the RVE. The 3D RVE for a TRIP microstructure consisting of 55% ferrite, 35% bainite, 5% austenite, and 5% martensite is illustrated in Fig. 2 (a) .
Multiphase steels usually exhibit approximately isotropic mechanical properties. In this work, effective isotropic formulations for the flow behaviors of each individual phase were assumed using the von Mises elastic plastic material law. The constitutive models for the flow curves are the function of chemical composition of material, and microstructural characteristics [8] [9] [10] . In general, the local carbon content is an important factor to incorporate. During the annealing process, carbon partitioning takes place, which influences the volume fraction of different phases and their mechanical properties. The true stress-strain curves used for the different individual phases in the RVE simulations and their estimated percentage of carbon contents are depicted for steels DP600 and TRIP600 in Fig. 2 (b) . FE simulations of the 3D RVE applying uniform tensile boundary condition were carried out for the investigated microstructures to verify the effective mechanical properties of each constituent phase. Averaged stressstrain responses calculated by the RVE simulation were compared with the experimentally determined true stressstrain curves obtained using both tensile and hydraulic bulge tests. The comparisons in Fig. 2 (b Based on the fracture mechanisms described in the experimental results, failure criteria for multiphase steels have been determined. The GTN damage model was formulated for ductile damage development within the ferritic phase. The evolution of ductile damage in metal can be classified into three phases: void nucleation at the neighborhood of defects, voids grow by plastic deformation, and voids coalescence leading to mesocracks. In the GTN model, influence of the void evolution on the yielding behavior of material is considered by the modification of the isotopic von Mises yield potential. The yield potential describing a spherical body made of a ductile matrix material containing a spherical void is given by [11, 12] :
where σ V is the von Mises equivalent stress, σ y is the yield stress of the matrix material and σ H is the hydrostatic stress. Parameter f describes the damage in the form of void volume fractions. The modified void volume fraction, f * , is proposed in order to take into account the stress carrying capacity loss associated with void coalescence. q 1 , q 2 , q 3 are the fit model parameters. The GTN model considers an initial volume fraction, f 0 , of primary voids which will grow after the onset of plastic deformation. Additionally, secondary voids, with a volume fraction f N , emerge at the characteristic equivalent plastic strain, ε N , with a specific standard deviation S N . This secondary void nucleation at higher plastic strains is described using a strain dependent nucleation term. Subsequently, void growth takes place due to the hydrostatic stresses. The growth of voids is described based on the assumption of incompressible matrix material. After the void volume fraction, f, reaches a critical value, f c , void interaction occurs and accelerates the stress carrying capacity loss.
In addition, CZM was applied in the RVE between phases to consider interface debonding in microstructures. Cohesive interface elements are defined between the continuum elements. When damage occurs, the interface elements gradually lose their stiffness until failure takes place, and the continuum elements are disconnected. For this reason, the crack can only propagate along the element boundaries. In the simulation the separation of cohesive interfaces depends on the normal and shear cohesive stress 
RVE simulations using GTN and CZM model were performed for different sheet metal forming tests. The RVEs were chosen to model critical locations within the samples where crack initiation was experimentally detected. The intention was to study the influence of the triaxiality on crack initiation in relation the microstructures. Thus, boundary conditions for the RVEs were obtained from the local deformation fields in the macroscopic simulations. This is a weak macro-micro-coupling as the two simulations on different scales were carried out in succession.
Results
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Step 150 In this section some results of the RVE simulations will be presented. A 2D RVE simulation based on a real microstructure were performed to describe the phenomenological damage development in the dual phase microstructure of steel DP600. The CZM model was applied to represent the debonding of the interfaces between martensitic islands and ferritic grains. In addition, a standard brittle cracking law was defined for the martensite. Uniaxial deformation was applied in the x-direction. Fig. 3 (a) shows the calculated damage evolution and equivalent plastic strains in the RVE containing one martensitic island. The first crack initiates due to the brittle failure in the martensitic phase (step 26, Fig. 3 (a) ). After the initiation, the crack propagates in the martensitic island, as well as over the interface between ferrite and martensite (step 35, Fig. 3 (a) ). This crack then propagates along the entire interface between phases (step 80 and 110, Fig. 3 (a) ). The last step shows the final crack after approximately 10% uniaxial deformation. RVE simulation was also used to predict the failure in Nakazima stretching-forming tests and hole expansion tests for steel TRIP600 and DP600 steel. The 3D RVE were modeled for the critical area in the middle of the deformed dome and at the hole edge. The GTN model was implemented for the softer ferritic matrix in the RVE model to describe the ductile damage evolution in the microstructure. The numerically predicted failures were compared with the experimental results for steel TRIP600 for the Nakazima stretching test of a 190 mm wide sample in Fig. 3 (b) and for steel DP600 for the hole expanding test performed on a sample with initial hole diameter of 10 mm in Fig. 3 (c) . The results show acceptable prediction of formability for both multiphase steels in the stretch-forming test as well as in the hole expansion test.
Additionally, in 3D RVEs cohesive elements were generated at the interfaces between ferrite and martensite phases for a dual phase microstructure. The GTN model was applied for the ferritic phase using the same parameters for all simulations. The degradation of the interface was described by the CZM elements. The traction-separation law defined by Scheider [14] was used, together with the CZM parameters sets shown in Table 1 . The simulations were performed under uniaxial tension deformation. Stress-strain responses determined from the 3D simulations with CZM elements are compared in Fig. 4 (a) for all parameter sets. The stress-strain curves show similar trends for all parameters' sets. Calculations were terminated at failure of the RVE as indicated in Fig. 4 (a) as well. The failure predictions by the 3D RVE simulation using parameter sets (1) and (2) are very similar. The overall stress level and even the failure prediction in the 3D RVE simulation were not influenced by the cohesive stress T 0 . A lower cohesive energy caused earlier failure (parameter set (3)). The stress distribution in the RVE calculated by CZM parameter set (2) can be seen in Fig. 4 (a) . Inside the deformed RVE the interface debonding between ferrite and martensite was locally observed. This happens in regions where two neighboring martensitic islands were located very closely to each other. This phase debonding will give rise to the microcrack initiation in the microstructure.
Furthermore, a 3D RVE was generated on the basis of real microstructure of a DP steel. This DP steel was annealed to obtain a dual phase microstructure with coarse grain sizes. Using this coarse microstructure the generation of a 3D model is facilitated, as the morphologies can be clearly distinguished. The investigated microstructure was considered to consist of a ferritic matrix and a second phase, martensite. A procedure similar to that reported in [15] was used to collect the 3D microstructure data. Individual micrographs of each 2D section were recorded using optical microscopy. Approximately the same amount of material was removed after each photograph by manual polishing. Vickers micro hardness indentations were used both to enable image alignment and to determine material removal rates. The depth of each removal section decreases from the first layer to the last layer. A mean sectioning depth of about 6 μm was chosen and overall eight layers were incorporated. A representative region in the microstructures was converted firstly into a 2D FE model for all micrograph layers, Fig. 4 (b) . Subsequently, these 2D models were stacked on each other to generate a 3D model using brick elements (C3D8). The 3D FE model of a sub-volume of the microstructure, measuring 45 x 45 x 41.3 μm, was reconstructed with 108045 elements, as shown in Fig. 4 (c) . The dimension of an element is 0.918 x 0.918 x 0.918 μm. The RVE was loaded under uniaxial tensile deformation in the y-direction. The flow curves for ferrite and martensite in DP microstructure as mentioned before were used in the simulation. As a result, strain and stress distributions for both phases in the RVE after a uniaxial strain ε of 1.0 were found to be quite distinctive, as shown in Fig. 4 (c) . The next step is to develop a real microstructure-based RVE model of a TRIP steel consisting of four individual phases. The strain-induced austenite-martensite transformation will be considered. A highly inhomogeneous stress-strain partitioning is expected that will lead to a more complex damage behavior. 
